Stirred media milling is a common method for the efficient production of nanoparticles. Here the grinding of semi-metallic silicon nanoparticles is presented, which are of special interest as anode material for next generation lithium-ion batteries. Ground silicon particles show an enormous reactivity in water due to particle etching but only surficial oxidization in alcoholic solvents, which inhibits further particle etching. Therefore, the grinding process was realized in ethanol as a solvent in order to avoid particle etching but allow good integrity to a water-based anode production later on. From the application point of view the colloidal stability of silicon nanoparticle suspensions is of great importance, to realize anode coating structures with fine disperse silicon nanoparticles. Hence, this study is focusing on the electrostatic stabilization of the silicon nanoparticles in ethanol, which was characterized by zeta potential and the agglomerate size measurements. These results corresponding to electrostatical interactions are also in good accordance with rheological characterization of the suspensions and theoretical calculations. Additionally, the final metallic silicon content was also of high interest for the application, so that a thermogravimetric analysis procedure was established and evaluated by a chemical pulping procedure according to DIN EN ISO 21068-2. Furthermore the impact of the chosen stabilization additive and the solvent purity on the silicon content are discussed. Finally the process is realized by a pregrinding step in a planetary ball mill and a fine grinding step within a stirred media mill. With this setup a production route for suspensions with a median primary particle size of less than 150 nm and metallic silicon content above 80 wt.% of the particles is presented. The ground nanoparticles show a surficial oxidized shell with a silicon core and a flake-like shape with crystalline and amorphous regions.
Introduction
The application of nanoparticles with customized properties is common in a variety of industries [1] [2] [3] [4] . The combination of nanoscale and material dependent characteristics is often the basis for innovations and enhanced product performances. Concerning this matter silicon offers several interesting opportunities. Due to its intrinsic photoluminescence which is increased by the quantum confinement effect with decreasing particle size, it is a promising candidate for the usage in optoelectronics [5, 6] . In addition, the non-toxicity of pure silicon and its degradation product (orthosilicic acid) lead to many biomedical developments such as fluorescent biomarkers [7] [8] [9] , drug delivery carrier [10, 11] and silicon-based therapeutics [12] . In the semiconductor industry silicon is the main material due to its good semi-and photo-conducting properties, which can be adjusted by thermal treatment or elemental doping. The development of stable suspensions with silicon nanoparticles offers a multitude of applications in the field of printed electronics and solar cells in future [13] [14] [15] . Furthermore, theoretical ten-times higher specific capacity regarding the storage of lithium ions in an anode of a lithium-ion battery compared to graphite based anodes makes silicon a promising candidate for next generation lithium ion batteries [16] [17] [18] .
In the present study the production of silicon nanoparticles in a two-step grinding procedure is established for the later application in anodes of lithium ion batteries. Zhang [19] and Liu [20] showed that reversible lithiation of silicon particles can be reached with a particle size below 150 nm. Therefore, this particle size was adapted as a target size of the grinding process.
Taking into account common water-based anode processing, the mixable solvent ethanol was chosen to allow a good integrity of the silicon nanoparticles, which can be added as a ground, ethanolic silicon suspension directly to the aqueous anode suspension or previously used for the preparation of hydrophilic, silicon-based anode composites. Other advantages of this solvent are good availability and low costs for mass production in up scaled processes. Reindl et al. [21, 22] investigated the intrinsic stability and oxidation of silicon for printed electronics during dispersing in polar and non-polar solvents. They figured out that oxidation is always present in alcoholic solvents, which leads to the formation of a 1-2 nm thin oxide shell around the particles. In addition it was shown by Hou [17] that this oxide layer can have on the one hand positive effects on the battery performance regarding the cycle life of the silicon material. On the other hand a too high content of silicon oxide in the anode leads to high initial capacity losses of the battery cell due to irreversible formation of lithium silicates [16] . Thus, a range exists were fineness and silicon content of the particles are optimal for this application. In the present study the examination of the silicon oxidization in ethanol is done by Fourier-transform infrared spectroscopy, qualitatively. In addition, a thermogravimetric method is established and evaluated by a chemical pulping procedure according to DIN EN ISO 21068-2 in order to quantify the metallic silicon content of the particles. The impact of chosen formulation components on the final metallic silicon content of different suspensions with the same fineness are investigated by this method.
Ashuri, He and Shaw [16] summarized production routes for promising silicon rich anodes. They figured out that for a good anode performance the nanoscale of the silicon building blocks in combination with good introduction into a porous carbon network with high electric conductivity and mechanical flexibility are necessary. To avoid particle agglomeration and to allow good integrity of the silicon nanoparticles during mixing steps with carbon materials the colloidal stability of the particles is crucial. However, a systematic study on the stabilization of silicon nanoparticles in ethanol is missing in literature. In this study stabilization investigations are carried out by adjustment of the zeta potential and thus by increasing the repulsive particle-particle interactions, electrostatically. The latter is described by the theory of Derjaguin, Landau, Verwey, Overbeek (DLVO theory) [23] and is in good accordance to the rheological behavior of the suspension.
Material and Methods

Materials
As feed material for the grinding experiments silicon powder from PyroPowders GmbH, Germany, with a purity of >99.0% was used. The particle size distribution is given in Fig. 1 (analyzed by laser diffraction, sympatec Helos). The median particle size is 17 μm.
The solvents used in this study were absolute Ethanol (EtOH) from Merck KGaA, Germany, (purity 99.99%) and Ethanol technical grade (EtOH tec) from Berkel AHK Alkoholhandel GmbH, Germany (purity >96.0%). For the stabilization of the silicon particles sodium hydroxide (NaOH) from Merck KGaA, Germany, (purity 99.98%) was utilized and added as a solution of 0.5 mol NaOH in EtOH stepwise to the product suspension during the grinding experiment.
Grinding Set-up
Since the feed material was too coarse for the fine grinding procedure a pre-grinding step in a planetary ball mill PM 400 from Retsch GmbH, Germany, was performed upstream. The beads (1.5 mm) for this grinding procedure were made of tungsten carbide and obtained from Sigmund Lindner GmbH, Germany. Milling processes were performed with a filling ratio of the beads in the steel vessels (0.5 L) of 30%, a sun wheel speed of 250 rpm and a grinding time of 1 h. In each vessel 1228 g beads, 62.5 g silicon and 250 g ethanol were added successively. Thus, the ground ethanolic silicon suspensions had a solids content c m of 20 wt.%. No additive was added during this step.
Fine grinding and stabilization investigations were performed with the stirred media mill SL-12-Nano from VMA Getzmann GmbH, Germany, which was operated in circuit mode between the mill and a stirred vessel. These experiments were run with yttrium stabilized zirconia beads (315 μm) from Sigmund Lindner GmbH, Germany, a filling ratio of 70% and a stirrer circumferential speed of 8 m•s −1
. After the experiment was started with a prefilling of 300 g ethanol, 300 g of the preground suspension was added to obtain a suspension with a solids content of 10 wt.%. During the experiment the pH* value was measured repeatedly and adjusted by pipetting ethanolic NaOH solution into the suspension stirred inside the circuit vessel.
The power draw P of the mill during the process time t was measured, as well as the no load power P 0 afterwards. Under consideration of the ground solids mass m the specific energy input E m is calculated according to eq. 1.
Analysis
Particle Size and Morphology
The primary particle size was analyzed by acoustic spectroscopy (acoustic) with the DT1200 of Quantachrome GmbH & Co. KG, Germany, in suspensions with original solids content. For the evaluation of the agglomerate size diluted samples using the dynamic light scattering (DLS) device Nanophox from Sympatec GmbH, Germany, was applied. The morphology of the ground product was characterized by electron microscopy with a scanning electron microscope (SEM) LEO 1550 from Carl Zeiss AG, Germany, and a transmission electron microscope (TEM) FEI Tecnai G2 F20, FEI Technologies Inc., USA. In addition, the median crystallite size of selected samples was analyzed by X-ray diffraction (XRD) using Empyrean series 2 with PIXcel-3D detector, PANalytical, Germany.
Particle Surface Characterization
The zeta potential ζ was investigated by measuring the colloid vibration current in the undiluted suspension with the DT1200 of Quantachrome GmbH & Co. KG, Germany. After the grinding experiments 20 ml of the suspension was centrifuged and dried carefully by vacuum evaporation at room temperature to obtain dry silicon powders. These powders were ground in mortar and analyzed by Fourier-transform infrared spectroscopy (FT-IR) using ATR Vertex V70 from Bruker AXS Inc., USA.
Suspension Characterization
The dynamic viscosity was characterized as a function of the shear rate by a rotational viscometer Gemini 2 from Malvern Instruments Ltd., Great Britain. In addition, the pH value analysis in ethanolic suspensions was carried out according to Barth [24] and Menon [25] . They mentioned that the pH value is originally defined for aqueous systems, but can be adapted to water-similar media like ethanol. The dissociation constant of ethanol is 10
•L −2 and therefore, the pH scale ranges to 19.1 [26] . For the analysis of the pH value in ethanol no specific sensor or ethanol-based calibration standards were available. Thus, the pH analysis was carried out with a standard pH electrode for aqueous systems. However, we are aware the resulting measured values are not correct from their absolute value and should only be compared to each other. The electrode WTW SenTix 41 from Xylem Analytics Germany Sales GmbH & Co. KG, Germany, was used and calibrated with aqueous standard solutions. pH values analyzed in this way were marked with pH*.
Quantification of Metallic Silicon Content
For the quantification of the metallic silicon content a thermogravimetric analysis (TGA) method was developed and evaluated with a chemical pulping procedure according to DIN EN ISO 21068-2 (pulping). For the development of the TGA method, nano-ground silicon samples were first treated in a TGA/DSC-Analyzer from Mettler Toledo Inc., Switzerland, for the documentation of trends during the treatment. In a second step the evaluated procedure was transferred to a procedure in a muffle furnace from Nabertherm GmbH, Germany. Details about the developed method are presented later on in section 3.3.
Results and Discussion
Silicon Stabilization
During fine grinding of silicon in ethanol the particles tend to form agglomerates as a result of increasing ratio of attractive van der Waals forces to buoyancy and fluid forces due to the decreasing particle sizes. For aqueous systems the electrostatic stabilization of the ground particles due to the analysis and adjustment of the zeta potential ζ is a commonly known technique [27] . The latter can be adapted to ethanolic systems by manipulating the pH* value of the suspension [24] . Therefore, the dependency of both parameters was analyzed and illustrated in Fig. 2 . The suspension without any additive has a pH* of 4.9 and a ζ of −15 mV after fine grinding. By increasing the pH* value to 7.5 the ζ becomes enhanced to −45 mV and is only slightly decreasing by further increase of the pH* value to 11. Based on this findings grinding experiments with three different pH* values (5, 7.5 and 10) had been carried out with equal specific energy input of 33,000 kJ•kg
. The ground suspensions exhibit only negligible deviation from the median primary particle size of 150 nm, which was analyzed by acoustic spectroscopy and was set as the target size. By comparison of the median agglomerate size, measured by DLS, and the median primary particle size an indication of the colloidal stability can be obtained (Fig. 2) . It becomes obvious, that at pH* 5 the particles are highly agglomerated, because a median agglomerate size of 5 μm was detected. This size can be reduced to 280 nm due to an increase of ζ at pH* 7.5 and pH* 10. Therefore, in a pH* range from 7.5 to 10 a small discrepancy of the agglomerate size from the primary particle size was found. This result can be explained by the different measurement techniques and it can be assumed that agglomeration is almost negligible.
In order to reach a better understanding with respect to the surficial reactions, which are occurring between reactive surfaces of ground silicon particles and solvent molecules, FT-IR spectra of dried samples from ground silicon and the untreated feed material were compared. The results are presented in Fig. 3 . The surficial oxidation of the particles is clearly determined due to the presence of typical adsorption bands. Si-O-Si bands are detected from 900 to 1300 cm −1 [28] and around 500 cm −1 [21, 22] . Additionally O-SiH groups are determined by several bands in a range from 2000 to 2250 cm −1 [28] . The reaction mechanism between silicon and alcohol was shown by Wayner et al. [29] and is also presented in Fig. 3 . They outlined that this mechanism is similar to the reaction with water, but in contrast alcohols do not etch the silicon material [30] . Therefore, a thin oxide layer on the particle surface is formed, as well as hydrogen gas which has to be aspirated for safety reasons. These experimental findings can be summarized and described with respect to colloidal stability issues more detailed with the DLVO theory [23] . The validity of this theory for ethanolic suspension systems was already shown [24, 31] . Wang et al. [31] described an pH-dependent surface charge of alumina particles in ethanol, which can be transferred for surficial oxidized silicon particles with silanol surface groups (SiOH) in basic pH environment in the following way:
The total interaction potential V tot of two silicon particles is the sum of the attractive van der Waals potential V A and the repulsive electrostatic potential V R .
V A between two particles of equal size can be calculated by the following equation [32] :
V A depends on the particle radius r and the distance between the particles a. Both parameters are included in the parameter s. 
Furthermore, V A is a material function due to the fact, that the Hamaker constant A is only dependent on material parameters of the dispersed solid A s and the fluid A f :
For the calculation of the Hamaker constant a value of 6.3 for silica, which represents the surficial oxidized particle surface [33] , and 4.2 for ethanol were used, respectively [34] .
The colloidal stability of a suspension can be enhanced by an increase of the repulsive electrostatic potential V R [24, 27, 31] .
The repulsive potential V R was calculated by the particle radius r, which was half of the particle diameter x 50,3 of 150 nm. Furthermore, the dielectric coefficient of EtOH (24.35 [35] ) ε, the relative permittivity (8.85•10 ) F were used. A temperature T of 293.15 K was also included. The valence of the OH − and Na + ions v was set equal to 1. Taken into account, that the surficial potential Ψ 0 can be replaced by ζ in good approximation [24, 31] , γ was calculated by the following equation:
The Debye parameter к can be calculated by consideration of the ionic concentration c by:
Furthermore, the thermic energy has to be considered for the stability of a suspension. Verwey and Overbeek [23] assumed in a first approximation a good colloidal stability for a total interaction potential V tot of higher than 10 k•T. For this term the Boltzmann constant k has to be considered ). More current investigations prove a stable colloidal system for V tot > 15 k•T [23, 27, 32] . In order to compare V tot and the thermic energy more easily, V tot was normalized by dividing it by k•T. The resulting Potential curves for suspensions with three different pH* values are shown in Fig. 4 (left) as well as the corresponding rheological behavior of the suspensions (right).
The potential curve of the suspension with pH* 5 has a maximum normalized interaction potential of 5, which proves the poor colloidal stability due to the absence of a significant potential barrier against particle agglomeration. This finding correlates with a pronounced shear thinning viscosity behavior due to a high level of internal friction. It is also shown, that the colloidal stability can be effectively increased by shifting the pH* value to 7.5, which corresponds to a normalized interaction potential of almost 40 and a nearly Newtonian viscosity behavior. By further increase of the pH* value the ζ decreases only slightly (Fig. 2) but the ionic concentration c increases conversely. Therefore, the diffuse double layer close to the particles becomes less extended and as a result the potential curve is also compressed, reaching a maximum value of still more than 30. The attraction between the particles becomes higher and can be detected by a shear thinning rheological behavior of the suspension.
Silicon Grinding
Based on the stabilization investigations which show a clear optimum of increased repulsive particle-particle interaction at a pH* value of 7.5, the same stabilization was used for fine grinding tests in a stirred media mill. The results of the twostep grinding procedure are shown in Fig. 5 .
The grinding results show a clear correlation of particle size reduction and increasing specific energy input. After the pregrinding step the median particle size x 50,3 has a value of 500 nm correlating with a specific energy of 2100 kJ•kg −1 . Additionally, the particle size distribution shows a wide range represented by the values of top cut x 90,3 of 1500 nm and the fines x 10,3 of 180 nm, respectively. The top cut was small enough after this step, that blocking of the flat screen, used for internal grinding media separation, during the fine grinding process could be avoided. At the end of the fine grinding process step i.e. after a specific energy input of 106,000 kJ•kg −1 the x 50,3 can be reduced further to a value of 75 nm.
The particle size distribution becomes narrow shown by the x 90,3 and x 10,3 values of 190 nm and 45 nm, respectively. In order to get impressions of the particle shape resulting from the grinding process SEM and TEM images of feed material and the ground silicon particles are shown in Fig. 6 . The feed material in this study is a coarse powder with an angular particle shape (a). After a specific energy input of 33,000 kJ•kg −1 ground silicon particles with a measured x 50,3 of~150 nm show a flake-like particle shape (b). The diameter of a single flake plane can be attributed to the measured particle sizes in good accordance. Therefore, the particle size measured with acoustic spectroscopy can be defined as the primary particle size in this case. TEM analyses also convey the impression of a thin layered flake structure (c) with amorphous and crystalline regions (d). Hou et al. report [17] about significant amorphization of silicon particles during the milling process, which can be seen in amorphous regions between grain boundaries. This observation can be confirmed by amorphous and crystalline regions, which are marked in Fig.  6d , inside the nanoparticle. In addition, XRD analyses show that the median crystallite size of the feed material can be reduced from 100 nm to 53 nm after the pre-grinding and further on to 10 nm after the fine grinding step. Besides it can be pointed out that in contrast to dispersing of silicon aggregates, where the particles have a spherical shape [18, 21] , the thickness of the flake-like particles seem to be in the lower nanometer range.
Silicon Content Analysis
Regarding the usage of the silicon nanoparticles in anode production for lithium ion batteries Hou [17] and Tao [36] pointed out, that the amount of oxidized silicon on the one hand can lower the initial start capacity of a battery cell, while on the other hand the mechanical strength of the particles increases as well as the cycle stability of the material. During the grinding process mechanical stressing events cause the generation of fresh and unsaturated silicon surfaces after a breakage event. These surfaces are mainly saturated by oxidation reaction with solvent molecules [21] (see also Fig. 3 ). In order to quantify the amount of non-degraded metallic silicon content of the nanoparticles a TGA procedure was established in this work. In Fig. 7 a typical behavior of a fine ground silicon sample during the TGA procedure is shown. The sample mass m s was heated up under nitrogen flow in a range of 20-950°C and held at 950°C for 2 h. During this treatment a small mass loss m loss of 2 wt.% between 20 and 200°C, indicating organic residuals from the grinding procedure, and a high mass increase in a range of 50-60 wt.% during the holding phase at 950°C is detected. The mass increase during the holding phase is attributed to the formation of silicon nitride (Si 3 N 4 ) during the melting of silicon nanoparticles, which starts at temperatures above 800°C. This phenomena was already published by Schierning [37] and Rieke [15] , who showed that the melting temperature of silicon nanoparticles is extremely reduced compared to silicon bulk material at 1410°C. Furthermore, there were no reactions between a silicon dioxide (SiO 2 ) reference sample and nitrogen examined (see Fig. 7 ), which leads to the conclusion that any SiO 2 content in the initial sample does not taking active part on reactions during this procedure. After this sample behavior was clarified, the TGA procedure was transferred to a muffle furnace with nitrogen flushing. The mass loss m loss after 200°C and the increased mass m incr after an expanded holding phase of 5 h at 950°C were measured separately.
For the calculation of the silicon content the inorganic sample mass m s,inorg was calculated. 
The increased sample mass m incr analyzed by the TGA procedure was set in relation to the calculated m incr,theor in order to obtain finally the metallic silicon content c Si of the sample. 
This value can range up to 100 wt.%. For fine ground silicon it is lowered by degradation reactions due to the presence of especially SiO 2 in the sample.
In order to quantify the impact of electrostatic stabilization on the metallic silicon content c Si , the pH* value was changed during the fine grinding step. After a certain specific energy Fig. 8) . The latter one is based on an etching reaction between silicon and NaOH in boiling water, which leads to the formation of hydrogen gas. The gas volume can be measured and the silicon content can be calculated assuming a stoichiometric reaction. Due to the addition of NaOH to the suspension, small amounts of water are formed during the reaction of NaOH and ethanol, as well as solvated Na + Ions and C 2 H 5 O − . Especially the reaction between water and the silicon particle surface leads to increased formation of SiO 2 and lowers c Si of the particles. Therefore, also the solvent quality which is mainly influenced by the water content was changed at pH* 7.5. The samples with a pH* value of 5 analyzed by pulping and TGA show a comparable c Si of 80 wt.% and 85 wt.%, respectively. At this point an uncertainly of 5 wt.% is identified, taking into account that the sample was analyzed some weeks later by pulping than by TGA. Therefore, influences regarding the storage of the suspension can't be excluded.
The addition of NaOH for pH* values of 7.5 and 10 shows only a slightly decreasing c Si around 82 wt.%. Thus, the small amount of additional water results only in a marginal lowering of c Si . In contrast to that the change of the solvents quality by using EtOH tec shows a major reduction of c Si down to 66 wt.%. Due to the increased water content of 4 wt.% in this solvent a significant silicon oxidation occurs. The water content of the solvent is therefore a crucial parameter in order to achieve high metallic silicon content in the fine ground product.
Conclusions
A scaleable process route for the production of silicon nanoparticles within a two-step grinding procedure was investigated. The silicon nanoparticles show a flake-like morphology with an estimated thickness in the lower nanometer range and wide amorphous regions. At a specific energy input E m of 33,000 kJ•kg −1 a median particle size x 50,3 of 150 nm and a metallic silicon content c Si above 80 wt.% could be obtained. Furthermore, electrostatic stabilization of the suspensions could be fulfilled by adding small amounts of NaOH. These investigations were carried out by measuring the pH* value, 
at pH* 7.5, (4) at pH* 10 and (5) at pH* 7.5 in EtOH tec zeta potential ζ, agglomerate size and rheological behavior of the suspensions. In addition the DLVO theory was applied for a detailed description of the stabilization mechanism. Stable suspensions were prepared by shifting the pH* value to 7.5 due to the increase of repulsive particle-particle interaction. The material composition was characterized by FT-IR analysis and the metallic silicon content c Si by a TGA procedure, which was evaluated applying a chemical pulping procedure according to DIN EN ISO 21068-2. It was shown that a surficial degradation of the silicon occurs during mechanical stressing due to oxidation reactions between reactive silicon surfaces and solvent molecules after particle breakage events. Especially the water content of the solvent influenced the extent of silicon degradation by massive lowering of the silicon content. In contrast different pH* value adjustments in a range of pH* 5 to 10 didn't result in significant differences regarding the metallic silicon content of the samples.
Further work will be done according to the scale-up of the grinding procedure by optimized formulation parameters. This will lead to a cost reduction for the production of higher amounts of silicon nanoparticles for various applications like for mass anode production of advanced lithium ion batteries. In addition, the interaction of silicon particle size, colloidal stability and oxidization could have impacts on the electrochemical anode performance.
